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Basic equations for age dating through activity ratio measurements are presented and applied to nuclear
chronometers based on parent-daughter decay. Uncertainty propagation formulae are derived which
relate the relative uncertainty on the half-lives and measured activity ratios with the relative uncertainty
on the calculated time of a nuclear event. Particular attention is paid to the case of relatively short-lived
radionuclides for which the change in decay rate during the measurement is non-negligible. Mathe-
matical solutions are presented to correct the perceived activity ratio and adapt the uncertainty prop-
agation formulae to complete the uncertainty budget. The formulae have been applied to 140Ba-140La
chronometry, which is particularly useful for dating a nuclear explosion through measurement of the
produced activity ratio of 140La and 140Ba in a ﬁnite time interval. They were also applied to the
227Th-223Ra parent-daughter pair produced for therapeutic use. The impact of inaccuracies in the nuclear
decay data on the performance of these nuclear chronometers is shown and discussed.
© 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Nuclear chronometry is based on the statistical laws ruling the
temporal dependence of the expected number of radioactive atoms
in a decay chain, commonly known as the Bateman equations
(Bateman, 1910; Pomme et al., 1996). If the initial conditions of the
atom or activity ratios in a closed system are known, the elapsed
time since this ‘time zero’ can be derived from the current atom or
activity ratio of a radionuclide and its decay product(s). The most
commonly used chronometers are mathematically equivalent to a
parent-daughter decay, for which the derivation of the dating
equation is straightforward (Nir-El, 2004; Magill and Galy, 2005;
Pomme, 2015).
However, the formulae for the uncertainty propagation were
always considered difﬁcult to derive (Harms and Jerome, 2004;
Harms et al., 2009; Douysset et al., 2014; Axelsson and Ringbom,
2014) and therefore sometimes addressed by simulation
methods. Uncertainty equations presented by Pan and Ungaromme).
, 4 Quai Antoine 1er, 98000,
ier Ltd. This is an open access artic(2012) showed a high degree of complexity. Only recently, suc-
cinct but rigorous mathematical solutions were published for nu-
clear dating by atom ratio (mass spectrometry) and activity ratio
(nuclear spectrometry) measurements of parent-daughter pairs
(Pomme et al., 2014; Pomme, 2015). In addition, approximating
formulae were presented that showed in certain conditions the
propagation factors of relative uncertainties on decay constants and
measured ratios towards the age can approach unity, but also large
or small numbers are possible. Speciﬁc unbiased equations have
been presented for 95Zr-95Nb chronometry of a nuclear event
(Pomme and Collins, 2014). Precise dating in this particular case
was complicated by a decay branch passing through a meta-stable
state, 95mNb.
In this work, equations are presented for relatively short-lived
parent-daughter pairs and applied to two valuable chronometers:
(1) the 140Ba-140La parent-daughter pair, which is a prominent
nuclear chronometer used for the dating of nuclear explosions in
the frame of the International Monitoring System (IMS) for the
veriﬁcation of the Comprehensive Nuclear Test-Ban Treaty (CTBT),
and (2) the 227Th-223Ra pair and their progeny, where 227Th is an a-
particle emitter being investigated for targeted radiotherapy of
lymphoma cells (Dahle et al., 2009; Heyerdahl et al., 2012; Bayer,
2014). Age dating of the material is needed for accurate dosele under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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nuclides progressively affects the hospital dose calibrator response.
Due to the relatively short half-lives of the radionuclides
involved (T1/2 < 20 d), the dating formulae need a signiﬁcant
correction for decay during the measurement. The uncertainty
propagation of the half-life uncertainties through this correction
factor needs to be included within the uncertainty budget. Solu-
tions to this mathematical problem are provided. They are appli-
cable only to activity ratio measurements, not to atom ratio
measurements. The effect of using inaccurate decay data is
demonstrated for both nuclear chronometers.
The uncertainties within this paper are stated as standard un-
certainties or combined standard uncertainties as deﬁned in the
Guide to the Expression of Uncertainty in Measurement (GUM)
(JCGM, 2008).2. Basic equations
2.1. Activity ratio
General solutions to the Bateman equations (Bateman, 1910) are
available for subsequent activation and decay in various branching
schemes (Pomme et al., 1996). Some simpliﬁed initial conditions
are applied in the derivation of the basic equations for chronom-
etry: (i) the activation time is assumed to be small (i.e. a delta
function), (ii) the initial amounts of parent and daughter nuclides
are zero at t < 0 and (iii) the amount of the parent is at its maximumTable 1
Overview of symbols used in this paper.
Variable
t Time elapsed since nuclear event
t(0) 1st order approximation of t
t(1) Close approximation of t
Τ Timing variable for t
Τ(0) Timing variable for t(0)
Τ(1) Timing variable for t(1)
l1 Decay constant of parent
l2 Decay constant of daughter
T1 Half-life of parent
T2 Half-life of daughter
F Factor of decay constants
N1(t) Number of parent atoms at time t
N2(t) Number of daughter atoms at time t
A1(t) Parent activity at time t
A2(t) Daughter activity at time t
RA Activity ratio, A2/A1
t1 Time at start of measurement
t2 Time at end of measurement
Dt Duration of measurement
I1(t1,t2) Parent activity integral in [t1,t2]
I2(t1, t2) Daughter activity integral in [t1,t2]
Ci Counting factor for li and [t1,t2]
tirr Duration of production process
Ig (x keV) x keV g-ray intensity
nPþC Counts inþunderneath g-ray peak
nC Counts underneath g-ray peak
nB Background counts in peak
FDT Dead-time correction factor
DFDT Difference in FDT of g-rays
ε Detection efﬁciency of g-ray
Dε Difference in ε of g-rays
s(t) Standard deviation of tat t ¼ 0, whereas the daughter is only produced through the decay
of the parent. The symbols used in this paper are summarised in
Table 1.
Denoting the parent and daughter by indices 1 and 2, respec-
tively, one can represent the temporal dependence of the number
of atoms by
N1ðtÞ ¼ N1ð0Þel1t (1)
N2ðtÞ ¼ N1ð0Þ
l1
l2  l1
h
el1t  el2t
i
(2)
The temporal dependence of the daughter to parent activity
ratio is calculated from:
RAðtÞ ¼
A2ðtÞ
A1ðtÞ
¼ l2
l1
N2ðtÞ
N1ðtÞ
¼ F

1 eðl2l1Þt

(3)
in which the factor F is deﬁned as
F ¼ l2
l2  l1
(4)
As a measurement is performed over a ﬁnite time interval [t1,t2]
which may be non-negligible compared to the half-lives involved,
one does not obtain amomentary activity ratio but instead a ratio of
integrated activitiesEstimate
bt Eq. (9)btð0Þ Eq. (10)btð1Þ Eq. (11)bT Eq. (17)bT ð0Þ Eq. (18)bT ð1Þ Similar to Eq. (18)bl1 Literaturebl2 LiteraturebT 1 LiteraturebT 2 LiteraturebF Eq. (4)bN1ðtÞ Eq. (1)bN2ðtÞ Eq. (2)bA1ðtÞ Eqs. (3) and (8)bA2ðtÞ Eqs. (3) and (8)bRA Eqs. (3) and (8)bt1 From clockbt2 From clockbt2  bt1 From clockbI1ðbt1;bt2Þ Eqs. (6), (20), (21)bI2ðbt1;bt2Þ Eqs. (6), (20), (21)bCi Eq. (7)bt irr From clockbIg LiteraturebnPþC From spectrumbnC From peak ﬁtbnB Background spectrumbFDT Real time/live time
DbFDT Smallbε Calibration
Dbε Calibration
u(t) Uncertainty evaluation
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I1ðt1; t2Þ
¼ F
h
C1el1t  C2el2t
i
C1el1t
(5)
in which
Iiðt1; t2Þ ¼
Zt2
t1
AiðtÞdt (6)
is the integrated activity (or measured amount of decays divided by
the measurement time Dt ¼ t2et1), and
Ci ¼
1 eliðt2t1Þ
liðt2  t1Þ
ði ¼ 1;2Þ (7)
is the counting factor that corrects for decay during the measure-
ment. Even small deviations of Ci from unity create signiﬁcant
differences between I2/I1 and A2/A1 and eventually lead to erro-
neous dating results (Harms et al., 2009; Pomme and Collins, 2014).
The relationship between both quantities is established by
A2ðt1Þ
A1ðt1Þ
¼ I2ðt1; t2Þ
I1ðt1; t2Þ
C1
C2
þ F

1 C1
C2

(8)2.2. Time zero
The activity ratio has been expressed as a function of time in Eq.
(3), and this relationship can be inverted to express the elapsed
time as a function of the activity ratio:
t ¼ 1
l1  l2
ln

1 A2ðtÞ
A1ðtÞ
1
F

(9)
It is of interest to compare the exact Eq. (9) with two approxi-
mate formulae, as they are of use in the uncertainty propagation
(see section 3). A ﬁrst order approximation t(0) of the time t can be
obtained by ignoring decay during the measurement, thus using
the integrated decay rates I(t1,t2) instead of the momentary activ-
ities A(t):
tð0Þ ¼ 1
l1  l2
ln

1 I2ðt1; t2Þ
I1ðt1; t2Þ
1
F

(10)
The error, t(0)et, induced by the use of Eq. (10) can be shown
clearly by deriving a more precise approximation t(1) of Eq. (9) (by
introducing Eq. (8) into Eq. (9)):
tð1Þ ¼ 1
l1  l2
ln

1 I2ðt1; t2Þ
I1ðt1; t2Þ
1
F

C1
C2

¼ tð0Þ þ

 1
2
Dt þ 1
24
ðl1 þ l2ÞDt2 þ :::
 (11)
inwhich a serial expansion of the natural logarithm of the counting
factor Ci (i ¼ 1,2) was applied:
lnðCiÞ ¼ 
1
2
liDt þ
1
24
ðl1DtÞ2 
1
2880
ðl1DtÞ4 (12)
The contribution by the last term in Eq. (12) is relatively small
(<1%) on condition that the measurement time Dt is shorter
than three times the half-life Ti (or liDt < 2.2). Given that Eq. (11) is
accurate under these conditions, it is clear that the approximation
t(0) overestimates the elapsed time t by about half the durationof the measurement, Dt/2. This means that t(0) roughly refers to
the midpoint of the measurement, whereas t(1) refers to the start of
the measurement due to the application of the decay correction
factors.2.3. Time zero of a ‘long event’
The basic equations were derived under the assumption that the
nuclear event at time zero is negligibly short in time. In reality, one
has to consider that the production process of the parent nuclide
(and by subsequent decay also the daughter nuclide) occurs over a
ﬁnite period. Assuming that the parent e but not the daughter e is
produced via a nuclear reaction at a constant rate over a time period
tirr, the production and ingrowth rates of parent and daughter are
ruled by the activation-decay formulae used in activation analysis
(Pomme et al., 1996). The activity ratio A2(tirr)/A1(tirr) at the end of
the production period is then expressed by:
A2ðtirrÞ
A1ðtirrÞ
¼ F
 
1 l1
l2
1 el2tirr
1 el1tirr
!
(13)
and the perceived time zero at the end of the irradiation is found by
introducing Eq. (13) into Eq. (9):
tð0Þ ¼ 1
l1  l2
ln
 
l1
l2
1 el2tirr
1 el1tirr
!
z
0@tirr
2
 1
24
ðl1 þ l2Þt2irr þ
ðl1 þ l2Þ

l21 þ l22

2880
t4irr þ :::
1A
(14)
In the case that tirr is relatively small compared to the chro-
nometer half-lives, i.e. (litirr < 1), the perceived time zero in Eq. (14)
corresponds to the middle of the irradiation period, tirr/2. For very
long irradiation periods, the parent and daughter activities will
approach an equilibrium and the perceived time zero will become
independent of the start of the production period, approaching a
constant value of
tð0Þ /
tirr/∞
lnðl1Þ  lnðl2Þ
l1  l2
(15)
In the case of the 140Ba-140La clock, time zero in Eq. (15) would
refer to 5.65 days before the end of the production period.3. Uncertainty propagation
3.1. Basic propagation formulae
In recent work, basic formulae have been derived for the un-
certainty propagation of nuclear chronometry in the case of a
simple parent-daughter decay by means of Eq. (9) (Pomme et al.,
2014). The uncertainties on the half-lives and the activity ratio
were propagated to the time using the following equations:
sðtÞ
t
2
z

l1
l1 l2

T
t
1
2sðl1Þ
l1
2
þ
 l1
l1 l2

T
t
 l2
l1
2


sðl2Þ
l2
2
þ

T
t
2sðRAÞ
RA
2
(16)
in which the variable T is deﬁned as:
Fig. 1. Isobaric decay scheme for mass A ¼ 140 ﬁssion fragments and their decay
products. The mass yield readily accumulates in the longer-lived isobars (1) 140Ba and
(2) 140La and the gamma radiation emitted after their decay is used for chronometry.
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t
¼ e
ðl2l1Þt  1
ðl2  l1Þt
(17)
The uncertainty propagation factors have also been stated as a
series expansion (Pomme et al., 2014). For small values of t, where |
l2-l1|t < 1, the propagation factors for l2 and RA are close to unity,
while the factor for the parent decay constant l1 is small; however,
the latter gains importance with time and is of comparable
magnitude after a single half-life, T1. The relative uncertainties on
the decay constants are equal to (minus) the relative uncertainties
on the half-lives, i.e. sðlÞ=l ¼ sðT1=2Þ=T1=2.
3.2. Extended propagation formula
The formulae in Eq. (16) are incomplete if there is signiﬁcant
decay during the measurement, i.e. if the measurement time is
signiﬁcantly large compared to the half-lives involved. Then the
uncertainty on the half-lives also propagates through the conver-
sion of the counting integrals I2/I1 into activities A2/A1 via Eq. (8). In
Annex A, a full uncertainty propagation is done to take these effects
into account. In the following, a shorter and more efﬁcient solution
is derived from the approximations in Eqs. (10) and (11). For the
ﬁrst order approximation, t(0) in Eq. (10), one can calculate a
matching propagation factor, comparable to T/t in Eq. (17):
Tð0Þ
tð0Þ
¼ e
ðl2l1Þtð0Þ  1
ðl2  l1Þtð0Þ
(18)
The same can be done for t(1), which is usually a very accurate
approximation of t, and therefore T(1)/t(1) ¼ T/t. The uncertainty
propagation of the half-lives to t(1), comprises of two components:
(i) a termwith t(0) for which similar propagation laws hold as in Eq.
(16) and (ii) the higher order term(s) derived from ln(C1/C2)/
(l1l2), which is a polynomial function of the decay constants. The
following uncertainty propagation formula can be considered as a
more complete version of Eq. (16):
sðtÞ
t
2
z
 
s

tð1Þ
	
tð1Þ
!2
z
 
l1
l1  l2
 
Tð0Þ
tð0Þ
 1
!
tð0Þ
tð1Þ
 l1Dt
24
Dt
tð1Þ
!2
sðT1Þ
T1
2
þ
 
l1
l1  l2
 
Tð0Þ
tð0Þ
 l2
l1
!
tð0Þ
tð1Þ
 l2Dt
24
Dt
tð1Þ
!2
sðT2Þ
T2
2
þ
 
Tð0Þ
tð0Þ
tð0Þ
tð1Þ
!2
sðI2=I1Þ
I2=I1
2 (19)The validity of these equations has been conﬁrmed numerically
for measurements performed with the 140Ba-140La and 227Th-223Ra
clocks, and data are provided in sections 5 and 6.4. Procedure for chronometry
4.1. Measurement
Sampling of material should be done in a way to ensure that the
parent and daughter atoms are in a closed system, or both have
equal probability of being sampled. The validity of such conditions
is implicitly assumed, but not scrutinised in this paper.
The activity measurement consists of g-ray spectrometry of the
sample, e.g. an air ﬁlter, and quantifying in the spectrum the peaks
of g-ray emissions from the parent and daughter decays. The in-
tegrated activity is estimated from:bI iðt1; t2Þ ¼
0@bnPþC  bnCbt2  bt1 FDT 
bnBbt2  bt1
1A 1
Igε
(20)
inwhich the net number of counts in a full-energy peak (FEP), nP, is
obtained from a spectral ﬁt that allows subtraction of counts in the
spectral continuum underneath the FEP, nC. It may be necessary to
correct for interfering peaks from other radionuclides, especially in
the inherently complex g-ray spectra produced by a mixture ofﬁssion products (Pomme et al., 1993). If the background spectrum
contains FEPs at the same energy as the chronometer FEPs (bnBs0),
a background subtraction should be performed on the measured
count rate in the FEP. The counts in the FEPs can be considered as
statistically uncorrelated (except if the daughter half-life is very
short and the detection efﬁciency very high), but measurement
conditions such as detection efﬁciency (ε) and dead time are highly
correlated. The link between theory and measurement is made by
the calculation of the integrated activity ratio from the FEP areas:
bI2ðt1; t2ÞbI1ðt1; t2Þz
bnPþC  bnC
2bnPþC  bnC
1
Ig;1
Ig;2

1þ Dε
ε

1þ DFDT
FDT

(21)
The dead time correction can, in principle, vary among radio-
nuclides with different decay curves if the count rate varies
Table 2
Evaluated decay data relevant for chronometry in this work, from three references:
(Helmer, 2004a; 2004b), (Nica, 2007), and (Chechev and Kuzmenko, 2015)
Variable DDEP (2004) ENSDF (2007) DDEP (2015)
T1 (140Ba) (days) 12.753 (4) 12.7527 (23)
Ig (537.3) (%) 24.39 (22) 24.39 (23)
T2 (140La) (days) 1.67850 (17) 1.67855 (12) d 1.67858 (21) d
Ig (487.0) (%) 46.1 (4) 45.5 (9) 46.1 (5)
Ig (815.8) (%) 23.72 (12) 23.3 (4) 23.72 (20)
Ig (1596.2) (%) 95.40 (8) 95.4 (1.4) 95.40 (5)
Fig. 2. Deviation of the chronometry results from time zero for the 140Ba-140La pair
from experiment 1 by Harms and Jerome (2004).
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one may assume that DFDT ¼ 0. The uncertainty on the FEP detec-
tion efﬁciency ratio is an important systematic component, which
is relatively small if the g-ray emissions by parent and daughter are
of similar energy (since the error on the efﬁciencies of closely
spaced g rays are highly correlated). If the sample is measured close
to the detector crystal, also true-coincidence summing effects need
to be taken into account.
The measured integrated activity ratiobI2ðt1; t2Þ=bI1ðt1; t2Þ is then
converted into a momentary activity ratio bA2ðt1Þ=bA1ðt1Þ, using Eq.
(8). This involves the use of accurate values for the parent and
daughter half-lives and realistic estimates of their uncertainties,
preferably taken from nuclear decay data evaluations provided by
the Decay Data Evaluation Project (DDEP, 2004e2015) or the
Evaluated Nuclear Structure Data File (ENSDF). The estimated
elapsed time bt1 between the nuclear event and the start of the
measurement follows then from Eq. (9). Alternatively, the time bt1
can be calculated directly from the bI2=bI1 ratio via Eq. (11) for t(1),
Table 3
Measurement results with the 140Ba-140La chronometer, including reference time of prod
Harms and Jerome (2004)) or directly from an induced ﬁssion process (Experiment 2, this w
measurement, (iv, v) counting factors correcting for decay during measurement, (vi, vii) m
ratio (x) initial time zero estimate via Eq. (10), (xi) ﬁnal estimate of time zero via Eq. (9)
reference time, (xiv) uncertainty on calculated time, increased with uncertainty of 0.013 d
ratio between columns (xii) and (xiv).
Experiment 1
Separation tref 25 April 2002 (10:00)
(i) (ii) (iii) (iv) (v) (vi) (vii) (viii)
# t1 t2t1 C1 C2 bI1 bI2 bI2=bI1
(days) (days) (e) (e) (Bq) (Bq) (e)
1 0.0917 0.0528 0.9986 0.9892 125,737 6182 0.0492
2 0.1486 0.1020 0.9972 0.9792 124,640 9833 0.0789
3 0.2543 0.0575 0.9984 0.9882 124,276 13,517 0.1088
4 0.3157 0.0848 0.9977 0.9827 122,853 16,455 0.1339
5 0.403 0.8326 0.9777 0.8462 120,500 33,181 0.2754
6 1.237 0.1130 0.9969 0.9770 117,847 47,584 0.4038
7 1.352 0.8115 0.9784 0.8497 115,760 58,557 0.5058
8 2.165 0.2942 0.9920 0.9416 112,190 69,755 0.6218
9 2.463 0.7277 0.9805 0.8637 109,418 76,693 0.7009
10 3.194 0.3767 0.9898 0.9261 106,804 82,962 0.7768
11 3.573 0.7261 0.9805 0.8640 103,559 87,349 0.8435
12 4.301 0.3777 0.9898 0.9259 100,482 90,490 0.9006
13 4.681 0.7168 0.9808 0.8656 97,887 92,086 0.9407
14 5.400 0.1523 0.9959 0.9692 95,235 93,011 0.9766
15 5.715 0.1276 0.9965 0.9741 94,916 93,430 0.9843
16 5.844 0.9724 0.9740 0.8236 92,253 93,845 1.0173
Experiment 2
Irradiation tref 6 May 2015 11:50 (11:20
1 5.028 0.0455 0.9988 0.9907 7872 7140 0.9070
2 5.075 0.0551 0.9985 0.9887 9196 8315 0.9042
3 5.195 0.7173 0.9808 0.8655 7477 7226 0.9663
4 5.913 1.0283 0.9726 0.8148 8561 8471 0.9895
5 6.973 1.0222 0.9727 0.8158 6632 7018 1.0582
6 8.192 0.8256 0.9779 0.8474 7644 8159 1.0674
7 9.162 1.0160 0.9729 0.8167 7121 7869 1.1052
8 10.522 1.0131 0.9730 0.8172 6716 7460 1.1108
9 11.536 0.7335 0.9803 0.8628 6395 7144 1.1171which comprises of t(0) (Eq. (10)) minus half the measurement time
and a small correction term.4.2. Counting statistics
The uncertainty on the activity ratio RA is a squared sum of
relative uncertainties on the factors Ig, ε, peak ﬁtting, backgrounduction through ingrowth of 140La into chemically separated 140Ba (Experiment 1, by
ork), (i) spectrum number, (ii) elapsed time at start of measurement, (iii) duration of
easured (integrated) activity, (viii) integrated activity ratio, (ix) momentary activity
or Eq. (11), (xii), absolute and (xiii) relative difference between estimated time and
ays (#1)/0.012 days (#2) on reference time (xv) zeta score for bt1  t1 calculated as a
(ix) (x) (xi) (xii) (xiii) (xiv) (xv)
bA2=bA1 btð0Þ1 bt1 bt1  t1 bt1t1  1 uðbt1  t1Þ z
(e) (days) (days) (days) (%) (days) (e)
0.0387 0.122 0.095 0.004 4.0 0.014 0.3
0.0592 0.198 0.147 0.001 1.0 0.014 0.1
0.0980 0.277 0.248 0.006 2.5 0.015 0.4
0.1184 0.345 0.303 0.013 4.2 0.015 0.9
0.1392 0.762 0.359 0.043 10.7 0.023 1.9
0.3885 1.204 1.148 0.089 7.2 0.034 2.6
0.4081 1.613 1.220 0.131 9.7 0.048 2.7
0.5934 2.165 2.020 0.145 6.7 0.070 2.1
0.6400 2.616 2.263 0.200 8.1 0.092 2.2
0.7510 3.130 2.945 0.250 7.8 0.123 2.0
0.8019 3.677 3.324 0.250 7.0 0.161 1.5
0.8832 4.248 4.062 0.239 5.6 0.211 1.1
0.9127 4.735 4.386 0.295 6.3 0.263 1.1
0.9718 5.255 5.180 0.221 4.1 0.328 0.7
0.9805 5.381 5.317 0.398 7.0 0.346 1.1
0.9927 5.992 5.524 0.320 5.5 0.445 0.7
e12:20)
0.9050 4.320 4.298 0.730 15 0.219 2.7
0.9018 4.289 4.261 0.814 16 0.186 3.4
0.9417 5.096 4.747 0.447 9 0.164 1.6
0.9581 5.468 4.975 0.939 16 0.188 3.0
1.0402 7.005 6.515 0.458 7 0.379 0.8
1.0544 7.295 6.895 1.297 16 0.397 2.0
1.0963 8.956 8.468 0.695 8 0.743 0.6
1.1030 9.315 8.828 1.694 16 0.841 1.2
1.1123 9.781 9.425 2.111 18 1.429 1.1
Table 4
Uncertainty components related to the 140Ba-140La chronometry data in Table 2: (i) spectrum number, (iieiv) uncertainties and propagation factors for the integrated activity
ratios and the 140Ba (T1 ¼ 12.753 (4) days) and 140La (T2 ¼ 1.67850 (17) days) half-lives towards bt1, (v) relative uncertainty on the estimated time zero bt1, (vi) uncertainty on
reference time t1 divided by bt1, (vii) uncertainty of the residuals bt1  t1 divided by bt1. Timing uncertainties on t1 and t2 (Dt) were assumed to be negligible.
Uncertainties and propagation factors
(i) (ii) (iii) (iv) (v) (vi) (vii)
uðbI2=bI1ÞbI2=bI uðbT 1ÞbT 1 uðbT 2ÞbT 2 u(t1)
Exp. 1 2.1% 0.031% 0.010% 1155 s
Exp. 2 ~2% idem idem 30 min
# uðbt1Þ=bt1
u
0@bI2bI1
1A,bI2bI1
uðbt1Þ=bt1
uðbT 1Þ=bT 1 uðbt1Þ=bt1uðbT 2Þ=bT 2 uðbt1Þbt1 uðt1Þbt1 uðbt1t1Þbt1
Eq. (19) Eq. (19) Eq. (19) ii2 þ iii2 þ iv2 v2 þ vi2
(e) (e) (e) (%) (%) (%)
Experiment 1
1 1.30 0.0042 1.27 2.8 14.0 14.3
2 1.39 0.0072 1.34 2.9 9.1 9.6
3 1.17 0.0086 1.11 2.5 5.4 5.9
4 1.21 0.0111 1.13 2.6 4.4 5.1
5 2.44 0.044 2.04 5.1 3.7 6.3
6 1.31 0.040 1.01 2.8 1.2 3.0
7 1.79 0.070 1.24 3.8 1.1 3.9
8 1.62 0.083 0.99 3.4 0.7 3.5
9 1.92 0.115 1.04 4.0 0.6 4.1
10 1.96 0.136 0.93 4.1 0.5 4.2
11 2.30 0.180 0.92 4.8 0.4 4.9
12 2.46 0.215 0.83 5.2 0.3 5.2
13 2.84 0.266 0.81 6.0 0.3 6.0
14 3.01 0.30 0.71 6.3 0.3 6.3
15 3.09 0.31 0.70 6.5 0.3 6.5
16 3.82 0.41 0.67 8.1 0.2 8.1
Experiment 2
1 2.406 0.212 0.793 6.2 0.3 6.2
2 2.392 0.210 0.796 5.6 0.3 5.6
3 3.065 0.302 0.770 5.7 0.3 5.7
4 3.423 0.352 0.744 6.4 0.3 6.4
5 4.851 0.572 0.501 9.3 0.2 9.3
6 5.128 0.617 0.440 9.6 0.2 9.6
7 7.843 1.028 0.027 14.6 0.2 14.6
8 8.600 1.143 0.090 16.0 0.2 16.0
9 9.577 1.294 0.257 20.9 0.1 20.9
S. Pomme et al. / Journal of Environmental Radioactivity 162-163 (2016) 358e370 363subtraction and Poisson distribution of counts. The latter statistical
uncertainty will depend on the inverse square root of the number
of counts nP,1 and nP,2 in the parent and daughter FEPs, respectively.
The best statistical accuracy can be expected when the count rates
in both peaks are similar of size, i.e. when the daughter nuclide has
sufﬁciently grown in and well before the parent nuclide has
decayed away.
As long as the Poisson variance is by far the dominant uncer-
tainty component, the accuracy of the nuclear dating can be
improved by extending the measurement time: increasing Dt by a
factor of 4 reduces the statistical uncertainty by a factor of 2 (when
disregarding subtraction of continuum and background signals).
However, at the same time the propagation factor increases
through t
ð0Þ
tð1Þz1þ 12 Dttð0Þ. Therefore, no accuracy is gained by
continuing a measurement in which the systematic uncertainties
(efﬁciency, intensities, etc.) are larger than the statistical uncer-
tainty. This will be demonstrated in the example in section 5.5. 140Ba-140La clock
5.1. Production through ﬁssion
Asymmetric ﬁssion of uranium and plutonium being favoured
by nuclear shell effects, the yield of mass A ¼ 140 fragments isrelatively high, in particular around nuclear charge Z ¼ 54 (xenon)
(Pomme et al., 1993). The xenon, being a noble gas, can go airborne
and facilitate detection of its progeny in remote places (De Geer,
2013; Ihantola et al., 2013). The A ¼ 140 isobars produced directly
in ﬁssion are short-lived (T1/2 < 63.7 s) and the isobaric ﬁssion yield
accumulates in the longer-lived successor 14056 Ba (T1/2 ¼ 12.753 (4)
days (Helmer, 2004a)), its daughter nuclide 14057 La (T1/2 ¼ 1.67858
(21) days (Chechev and Kuzmenko, 2015)) and by further decay in
the stable nuclide 14058 Ce. The isobaric decay scheme is presented in
Fig. 1. In the case of a nuclear explosion, the initial abundances of
140Ba and 140La are assumed to be zero and the A ¼ 140 isobaric
ﬁssion yield accumulates in the 140Ba-140La chronometer within a
few minutes.
In this work, two experiments are discussed in which the
140Ba-140La chronometer is applied to determine the ‘age’ of ﬁssion
products produced under controlled conditions at a nuclear facility.
Time zero refers to the time when the barium was chemically
separated from the target (and the lanthanum daughter). Useful
decay data for 140Ba-140La chronometry are summarised in Table 2.5.2. Experiment 1
5.2.1. Irradiation and sample preparation
Experiment 1 refers to a re-analysis of data published by Harms
S. Pomme et al. / Journal of Environmental Radioactivity 162-163 (2016) 358e370364and Jerome (2004). The 140Ba was produced by the neutron irra-
diation of a >98% enriched 235U target at the Imperial College
research reactor, over a period of 18,000 s. The details of the irra-
diation and chemical separation were described in the original
paper. The irradiatedmaterial was passed through cation and anion
exchange columns and barium was precipitated and redissolved
into a solution from which sources for measurement were made.
The reference time, corresponding to the last chemical separation,
was assigned an uncertainty of 1155 s or 0.013 days.
5.2.2. Chronometry measurements & results
The activity ratio was measured at NPL by g-ray spectrometry
with the HPGe detector ‘MAGGIE’, using the characteristic g ray
emissions following the decay of 140Ba at 537.3 keV (Ig ¼ 24.39 (22)
%) and of 140La at 487.0 keV (Ig ¼ 46.1 (4) %), 815.8 keV (Ig ¼ 23.72
(12) %) and 1596.2 keV (Ig ¼ 95.40 (8) %) (Helmer, 2004a, 2004b).
Relevant measurement data are summarised in Table 3. In total
16 g-ray spectra were collected between 0.09 and 5.8 days after
time zero. The duration of the measurements varied between 0.05
and 0.97 days, and the corresponding correction factors (C1, C2) for
decay during themeasurements ranged from 0.9986 to 0.8236. As a
result, the integrated activities I signiﬁcantly differed from the
decay-corrected activities A, and so did the approximate time es-
timate t1(0) (referring approximately to the midpoint) deviate from
the corrected value t1(1) (referring to the start of the measurement).
The agreement between the estimated and real ‘time zero’ is
generally good, the absolute differences are always below 0.4 days,
the relative difference generally below 10% and the zeta score0 2 4 6 8 10 12
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Fig. 3. The residuals of 140Ba-140La chronometry results obtained in experiments 1 and
2, using DDEP decay data (Helmer, 2004a; 2004b).mostly between 0 and -2.
The residuals are also presented in Fig. 2, which reveals that the
chronometer has a bias towards underestimation of the elapsed
time since time zero. Such anomaly may originate from various
sources of error, possibly in the detection efﬁciencies, g-ray in-
tensities or half-lives. The uncertainty components coming into
play in the 16 measurements have been compiled in Table 4. The
uncertainty propagation factors of the integrated activity ratiobI2=bI1 and daughter half-life bT 2 are of comparable magnitude,
whereas the one for the parent half-life bT 1 is negligibly small.
Remarkably, the propagation factors are larger for spectra taken
over a longer period of time, such as e.g. #5, 7, 9, 11, 13, and 16. This
gave rise to a relatively large uncertainty on the chronometry with
these spectra, since the improved statistical precision did not
compensate for the inﬂated systematic uncertainties. This coun-
terintuitive effect follows directly from application of the uncer-
tainty propagation in Eq. (19).5.3. Experiment 2
5.3.1. Irradiation and sample preparation
Experiment 2 refers to new work in which 140Ba was produced
by proton induced ﬁssion in a uranium target, then chemically
separated from the target and measured by HPGe g-ray spec-
trometry. A target of 1.51 g natUO2 compacted between an
aluminium holder and a 0.025 mm Ti foil was irradiated at the
Birmingham University cyclotron. The target was exposed to a
beam of 25 MeV protons, with a current of 10 mA, for 50 min. The
irradiation was started at 11:30 UTC and stopped at 12:20 UTC on
2015-05-06. The irradiated target of natUO2 was dissolved in 30 g of
2 M HNO3, containing 0.01 mg g1 each of strontium, caesium,Fig. 4. Comparison of the chronometry residuals in experiment 2 when using the
ENSDF(2007) and DDEP(2004) data sets in Table 2.
Fig. 5. Deviation of the chronometry results from time zero for the 227Th-223Ra pair
based on ENSDF evaluated g-ray emission data.
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was dispensed to a 2 mL ﬂamed sealed ISO ampoule. The solution
was further extracted three times with 40 mL 30% v/v tributyl
phosphate (TBP) in n-dodecane to separate the ﬁssion products
from the uranium. A 1 g aliquot of this ﬁnal solution was dispensed
to a 2 mL ﬂamed sealed ISO ampoule.5.3.2. Gamma-ray spectrometry
The HPGe g-ray spectrometer ‘LISA’ of NPL was used. It was
contained in a lead shield with internal dimensions of
1 m  1.5 m  1 m, constructed of 10-cm-thick walls with a
cadmium-copper graded lining. The FEP efﬁciency of this detector
had been calibrated for a 1 g solution in a 2 mL ISO ampouleTable 5
Uncertainty propagation for hypothetical 227Th-223Ra chronometry measurements: (i)
calculated from Eq. (19) for I2/I1, T1 and T2, respectively, (iv,vi,viii) approximate propagatio
compared to half-lives.
Uncertainty propagation factors
T1 18.697 (7) d
T2 11.4354 (17) d
(i) (ii) (iii) (iv)
t1 Dt uðbt1Þ=bt1
u
0@bI2bI1
1A,bI2bI1
Eq. (19) Eq. (16)
(days) (days) (e) (e)
2 0.1 1.050 1.024
2 1 1.285 1.024
2 2 1.546 1.024
5 0.1 1.072 1.061
5 2 1.285 1.061
5 5 1.616 1.061
10 1 1.191 1.128
20 1 1.317 1.277
40 1 1.693 1.661
40 5 1.819 1.661
40 10 1.972 1.661
50 0.1 1.910 1.907
60 1 2.233 2.199
80 1 3.001 2.960
100 0.1 4.053 4.048
100 1 4.100 4.048
100 10 4.559 4.048mounted at 20 cm from the detector window using a radionuclide
solution containing 241Am, 109Cd, 57Co, 139Ce, 51Cr, 113Sn, 85Sr, 137Cs,
54Mn, 88Y, 65Zn and 60Co, which were traceable to primary stan-
dards of activity. The nuclear data used for each radionuclide were
derived from the DDEP evaluations (DDEP, 2004e2015).
The detector chain consisted of an analogue CANBERRA AFT
Research ampliﬁer, analogue-to-digital converter (ADC) and AIM
electronics connected to a PC using CANBERRAGENIE 2000 v2.1c to
collect the spectra. The dead time and pulse-pileup were corrected
for using the live-time correction/pile-up rejection (LTC/PUR) cir-
cuit built into the ampliﬁer-ADC combination. A background
spectrum was collected for 200,000 s prior to the measurements.
The two samples were measured for a total of nine times over a
campaign of one week, starting ﬁve days after the irradiation mid-
point, for live times of ~3800 se86,400 s. The source-detector
distance of 20 cm made the effect of true coincidence summing
negligible relative to the uncertainties of the measurement,
therefore no corrections were applied.
Thirty plus g ray emitting ﬁssion products were present in the
samples, with over 300 full energy peaks measured. The collected
spectra were therefore complex, with a number of interferences
and convolutions of some of the selected 140Ba and 140La FEPs
present, thus the peak ﬁts of the spectra were manually veriﬁed
using interactive peak ﬁtting and adjusted as required. The 132I
(812.0 keV) and 136Cs (818.5 keV) FEP were de-convoluted from the
815.8 keV FEP of 140La to determine the net peak area.
5.3.3. Chronometry results
The mid-point of the irradiationwas taken as the reference time
for chronometry. The ‘time zero’ was calculated from the activity of
the 140Ba and 140La derived from each spectrum, following the
procedure detailed in section 3. The correction factors for count loss
through dead time and uncompensated pile-upwere of the order of
1.04e1.01 and 1.005e1.0015, respectively. A summary of relevant
numbers is included in Tables 3 and 4, relying on the old DDEPstart time t1, (ii) measurement duration Dt, (iii,v,vii) rigorous propagation factors
n factors from Eq. (16), which is applicable only if measurements are negligibly short
u(T1)/T1 0.037%
u(T2)/T2 0.015%
(v) (vi) (vii) (viii)
uðbt1Þ=bt1
uðT1Þ=T1
uðbt1Þ=bt1
uðT2Þ=T2
Eq. (19) Eq. (16) Eq. (19) Eq. (16)
(e) (e) (e) (e)
0.040 0.038 0.985 0.962
0.058 0.038 1.188 0.962
0.081 0.038 1.402 0.962
0.098 0.096 0.912 0.904
0.138 0.096 1.056 0.904
0.208 0.096 1.252 0.904
0.222 0.201 0.827 0.799
0.460 0.436 0.564 0.564
1.072 1.041 0.060 0.041
1.195 1.041 0.137 0.041
1.346 1.041 0.241 0.041
1.432 1.429 0.431 0.429
1.929 1.888 0.921 0.888
3.142 3.087 2.136 2.087
4.807 4.800 3.807 3.800
4.875 4.800 3.870 3.800
5.530 4.800 4.488 3.800
Fig. 6. Propagation factors of the activity ratio and the parent and daughter half-lives
towards the calculated time zero derived from measurements of 2 days. The exact
values from Eq. (19) (symbols) are compared to the approximate values from Eq. (16)
(lines).
Table 6
Evaluated decay data applied for 227Th-223Ra chronometry in this work, from ENSDF
(Browne, 2001) and Collins et al. (2015a,b,c; 2016).
Variable ENSDF Collins et al.
T1 (227Th) (days) e 18.697 (7)
Ig (49.8 þ 50.1) (%) 8.81 (85) 9.013 (50)
Ig (236.0) (%) 12.9 (11) 12.578 (64)
T2 (223Ra) (days) e 11.4354 (17)
Ig (154.2) (%) 5.699 (20) 6.02 (3)
S. Pomme et al. / Journal of Environmental Radioactivity 162-163 (2016) 358e370366evaluated data from Helmer (2004a; 2004b) for direct comparison
with experiment 1. In Fig. 3, a combined graph is shown of the
residuals of the timing results relative to the reference time ob-
tained in both experiments. An alarming ﬁnding is that the chro-
nology in this new experiment is also biased towards an
underestimation of the elapsed time. The systematic bias is com-
parable with experiment 1 around t  t0 ¼ 5 days and grows even
further for spectra taken at a later stage. The arithmetic mean of the
time zero estimates is 2015-05-07 12:19 UTC ± 0.57 days, which is
discrepant from the reference time 2015-05-06 11:50 UTC ± 0.012
days by a day.
5.3.4. Impact of nuclear data
The two samples produced similar results, even though the
second sample was made after a further chemical separation stage,
and so it cannot be excluded that the equilibrium of the 140Ba-140La
pair was disrupted during the initial sample preparation stage. As
an alternative explanation, one may suspect a bias in the g-ray
intensities. As summarised in Table 2, the DDEP evaluation data of
Helmer (2004a; 2004b) have been updated by Chechev and
Kuzmenko (2015) with a small effect on the 140La half-life and
changes in the uncertainties of the characteristic g-ray intensities.
The most recent ENSDF evaluation (Nica, 2007) has been tried as an
alternative to the DDEP reference data: it contains similar half-life
values with smaller uncertainties, the same intensity for the main
140Ba line, but lower intensities with higher uncertainties for the
140La lines.
Replacing the nuclear data with those from ENSDF, the consis-
tency in the results shows an improvement. In Fig. 4 the new results
are compared with those based on the old DDEP data (cf. Table 4).
Whereas the uncertainties are higher, the bias is clearly smaller.
The average estimate of the time zero is 2015-05-07 03:36
UTC ± 0.41 d, which is still 0.66 days off target. The increase in the
uncertainties of the chronometer measurements derived from the
ENSDF nuclear data are due to the signiﬁcantly larger uncertainty
determined for the 1596.2 keV emission of the 140La with a value of
1.5% (ENSDF) versus 0.08% (DDEP), as well as for the other g-rays
listed in Table 2.
Investigation of the individual chronometry performance of the
g-ray emissions of 140La revealed that the DDEP and ENSDF data
provide identical trends for the 1596.2 keV g-ray, but signiﬁcantly
different ones for the 487.0 keV and 815.8 keV g-rays. Whereas the
trends in the residuals are consistent for all DDEP data, the ENSDF
data lead to opposing trends which explains why its average result
is better. The uncertainties on the ENSDF emission probabilities are
comparable for the three g-rays, which gives extra weight to the
mutually consistent subset of the 487.0 keV and 815.8 keV results.
In summary, one can conclude that the ENSDF database is
inconsistent e and therefore more ‘accurate’ for the ‘wrong’ rea-
sons e whereas the DDEP database is consistent but may be inac-
curate due to an error in either or both of the g-ray intensity
normalisation factors for 140Ba and 140La decay.
6. 227Th-223Ra clock
The radionuclide 227Th (T1/2 ¼ 18.697 days (Collins et al., 2015c))
and several of its daughter nuclides are alpha emitters suitable for
application in alpha immunotherapy. Two nuclides in the decay
chain, 223Ra (T1/2 ¼ 11.4354 days (Collins et al., 2015a)) and 221Pb
(T1/2 ¼ 36.161 min (Aitken-Smith and Collins, 2016)), have a non-
negligibly long half-life which prevents the decay chain from
establishing a secular equilibrium when starting from an isolated
amount of 227Th. For months, the decay chain acts as a dynamic
system in which the combined activity is not an exact integer
multiple of the parent activity. The dosimetric impact varies withtime, as well as the response of a hospital calibrator to the gradually
changing composition of the radionuclide mixture. Precise
modelling of these processes through the decay formulae (Pomme
et al., 1996) requires knowledge of the decay constants and the
effective time zero of chemical separation. A systematic study of the
decay characteristics of the 227Th decay series has recently been
performed (Collins et al., 2015a,b,c; 2016; Aitken-Smith and Collins,
2016). Establishment of the effective time zero through 227Th-223Ra
chronometry has been tested in the experiment described below.6.1. Sample preparation
A 227Th solution that had been radiochemically separated from
an 227Ac sample was supplied to NPL by Bayer (Norway) as
[227Th(NO3)6]2- in 8 M HNO3 at a nominal activity of 70 MBq. A
chemical separation was performed to remove residual 227Ac and
the 227Th decay progeny, passing the solution through a Bio-Rad
AG1-X8(100e200 mesh) anion exchange resin; 2 g of this resin
was used as a 50 mm  7.5 mm column. The chemical separation
commenced at 09:00 UTC and completed at 09:38 UTC on 2013-09-
17; the mid-point of the separation was at 09:19 UTC.
The columnwas washed with 3  3 mL aliquots of 8 M HNO3 to
remove the decay products and any residual actinium. The 227Th
was eluted from the column using 3  3 mL aliquots of 2 M HNO3
and further diluted by the addition of 2 M HNO3 containing
10 mg g1 Ce4þ, added as a proxy carrier for thorium to avoid ab-
sorption of the thorium onto the glass container walls. A 1 g aliquot
of the solution was dispensed to a 2 mL ISO ampoule, which was
ﬂame sealed in order to stop the release of 219Rn, before being
measured by HPGe g-ray spectrometry.
Table 7
Measured data from the ingrowth of 223Ra into chemically separated 227Th, including reference time of chemical separation, (i) spectrum number, (ii) elapsed time at start of
measurement, (iii) duration of measurement, (iv, v) counting factors correcting for decay during measurement, (vi, vii) measured (integrated) activity, (viii) integrated activity
ratio, (ix) momentary activity ratio (x) initial time zero estimate via Eq. (10), (xi) ﬁnal estimate of time zero via Eq. (9), (xii), absolute and (xiii) relative uncertainty on the
measured integrated activity ratio, (xiv) uncertainty on calculated time, increased with uncertainty of 11 min on reference time (xv) zeta score for bt1  t1 calculated as a ratio
between columns (xii) and (xiv).
Separation
tref 17 September 2013 09:19 (09:00e09:38)
u(tref) 11 min 0.00764 days
(i) (ii) (iii) (iv) (v) (vi) (vii) (viii) (ix) (x) (xi) (xii) (xiii) (xiv) (xv)
# t1 t2t1 C1 C2 bI1 bI2 bI2=bI1 bA2=bA1 bt ð0Þ1 bt1 bt1  t1 uðbI2=bI1ÞbI2=bI uðbt1  t1Þ x
(days) (days) (e) (e) (Bq) (Bq) (e) (e) (days) (days) (days) (%) (days) (e)
1 0.282 0.043 0.9992 0.9987 662,024 12,934 0.0195 0.0182 0.324 0.302 0.020 3.6 0.014 1.4
2 0.328 0.043 0.9992 0.9987 660,754 14,944 0.0226 0.0213 0.375 0.353 0.026 3.1 0.014 1.8
3 0.373 0.043 0.9992 0.9987 658,521 17283 0.0262 0.0249 0.435 0.413 0.040 2.5 0.013 3.0
4 0.433 0.043 0.9992 0.9987 656,463 20,332 0.0310 0.0297 0.514 0.492 0.060 2.5 0.015 4.0
5 0.481 0.044 0.9992 0.9987 656,448 21,574 0.0329 0.0316 0.546 0.524 0.043 2.4 0.015 2.8
6 0.525 0.044 0.9992 0.9987 653,323 23,121 0.0354 0.0341 0.588 0.566 0.041 2.3 0.016 2.6
7 0.569 0.044 0.9992 0.9987 652,675 25,697 0.0394 0.0381 0.655 0.633 0.063 6.4 0.043 1.5
8 0.982 0.044 0.9992 0.9987 641,420 39,665 0.0618 0.0606 1.033 1.011 0.029 1.6 0.018 1.6
9 1.030 0.044 0.9992 0.9987 642,321 40,732 0.0634 0.0621 1.059 1.037 0.007 4.6 0.050 0.1
10 1.078 0.194 0.9964 0.9941 639,385 46,092 0.0721 0.0664 1.206 1.109 0.031 1.0 0.015 2.1
11 1.990 0.061 0.9989 0.9982 618,856 74,695 0.1207 0.1189 2.039 2.009 0.019 1.1 0.025 0.8
12 2.069 0.195 0.9964 0.9941 614,809 80,547 0.1310 0.1254 2.218 2.121 0.052 0.9 0.023 2.3
13 2.273 0.061 0.9989 0.9982 612,182 83,335 0.1361 0.1344 2.307 2.277 0.004 1.1 0.027 0.1
14 3.170 0.061 0.9989 0.9982 591,860 110,802 0.1872 0.1855 3.207 3.176 0.006 1.0 0.035 0.2
15 4.060 0.061 0.9989 0.9981 573,168 135,210 0.2359 0.2342 4.082 4.051 0.008 1.0 0.043 0.2
16 5.351 0.061 0.9989 0.9981 543,447 169,270 0.3115 0.3098 5.477 5.446 0.095 1.0 0.058 1.6
17 6.160 0.089 0.9984 0.9973 529,866 187,660 0.3542 0.3518 6.286 6.242 0.082 0.9 0.064 1.3
18 7.165 0.124 0.9977 0.9963 507,847 205,341 0.4043 0.4012 7.257 7.195 0.030 0.9 0.073 0.4
19 8.196 0.062 0.9989 0.9981 488,936 222,947 0.4560 0.4544 8.280 8.249 0.053 1.0 0.087 0.6
20 8.983 0.062 0.9989 0.9981 473,748 233,280 0.4924 0.4909 9.016 8.985 0.002 1.0 0.096 0.0
21 10.020 0.062 0.9989 0.9981 455,777 248,771 0.5458 0.5443 10.120 10.089 0.069 1.0 0.109 0.6
22 12.467 0.062 0.9989 0.9981 417,672 274,354 0.6569 0.6555 12.511 12.480 0.013 0.9 0.138 0.1
23 12.959 0.062 0.9989 0.9981 410,574 279,325 0.6803 0.6789 13.034 13.003 0.043 0.9 0.143 0.3
24 13.988 0.062 0.9989 0.9981 394,996 286,114 0.7243 0.7230 14.032 14.001 0.014 0.9 0.156 0.1
25 14.987 0.062 0.9989 0.9981 378,584 293,063 0.7741 0.7728 15.190 15.159 0.172 0.9 0.172 1.0
26 15.989 0.062 0.9989 0.9981 365,403 296,255 0.8108 0.8095 16.064 16.033 0.044 0.9 0.184 0.2
27 16.985 0.062 0.9989 0.9981 353,181 299,818 0.8489 0.8476 16.993 16.962 0.023 0.9 0.197 0.1
28 17.592 0.062 0.9989 0.9981 345,572 301,798 0.8733 0.8721 17.598 17.567 0.025 0.9 0.207 0.1
29 18.584 0.062 0.9989 0.9981 331,242 304,994 0.9208 0.9196 18.799 18.768 0.184 0.9 0.224 0.8
30 19.871 0.062 0.9989 0.9981 316,113 305,404 0.9661 0.9650 19.980 19.949 0.078 1.0 0.244 0.3
31 20.936 0.062 0.9989 0.9981 304,844 307,469 1.0086 1.0075 21.117 21.086 0.150 1.0 0.260 0.6
32 22.080 0.062 0.9989 0.9981 291,816 307,183 1.0527 1.0516 22.329 22.298 0.218 1.0 0.281 0.8
33 22.987 0.062 0.9989 0.9981 281,235 304,847 1.0840 1.0829 23.212 23.181 0.194 1.0 0.302 0.6
34 23.960 0.062 0.9989 0.9981 272,727 302,347 1.1086 1.1075 23.920 23.889 0.071 1.0 0.314 0.2
35 24.995 0.062 0.9989 0.9981 262,570 303,293 1.1551 1.1541 25.288 25.258 0.262 1.0 0.333 0.8
36 27.967 0.061 0.9989 0.9981 234,749 292,273 1.2450 1.2441 28.069 28.038 0.071 1.0 0.385 0.2
37 33.212 0.061 0.9989 0.9982 193,292 271,824 1.4063 1.4054 33.560 33.529 0.318 1.0 0.505 0.6
38 37.954 0.061 0.9989 0.9982 161,549 248,582 1.5387 1.5380 38.670 38.640 0.686 1.0 0.634 1.1
39 43.003 0.060 0.9989 0.9982 135,571 223,369 1.6476 1.6470 43.387 43.357 0.354 1.0 0.759 0.5
40 45.067 0.060 0.9989 0.9982 124,927 212,350 1.6998 1.6992 45.847 45.817 0.750 1.0 0.848 0.9
41 48.993 0.060 0.9989 0.9982 108,008 193,297 1.7897 1.7891 50.450 50.421 1.428 1.1 1.018 1.4
42 49.999 0.060 0.9989 0.9982 104,479 186,960 1.7895 1.7889 50.439 50.409 0.411 1.1 1.021 0.4
43 51.132 0.060 0.9989 0.9982 100,122 181,866 1.8164 1.8159 51.925 51.895 0.763 1.1 1.070 0.7
44 51.997 0.060 0.9989 0.9982 96,948 178,492 1.8411 1.8406 53.329 53.299 1.302 1.1 1.129 1.2
45 52.985 0.060 0.9989 0.9982 93,674 171,751 1.8335 1.8330 52.892 52.862 0.123 1.1 1.116 0.1
46 54.997 0.060 0.9989 0.9982 86,577 162,186 1.8733 1.8728 55.237 55.207 0.210 1.1 1.227 0.2
47 58.991 0.059 0.9989 0.9982 75,079 145,687 1.9405 1.9400 59.510 59.481 0.490 1.1 1.431 0.3
48 64.113 0.059 0.9989 0.9982 62,303 125,478 2.0140 2.0136 64.745 64.715 0.603 1.1 1.712 0.4
49 68.995 0.059 0.9989 0.9982 51,654 107,951 2.0899 2.0895 70.921 70.892 1.897 1.2 2.127 0.9
50 74.239 0.059 0.9989 0.9982 42,678 91,854 2.1523 2.1520 76.770 76.741 2.503 1.2 2.645 0.9
51 79.134 0.059 0.9989 0.9982 35,648 77,899 2.1852 2.1850 80.223 80.193 1.059 1.3 2.991 0.4
52 83.612 0.059 0.9989 0.9982 29,766 67,123 2.2550 2.2548 88.608 88.578 4.966 1.5 4.387 1.1
53 88.725 0.058 0.9989 0.9982 24,719 57,166 2.3126 2.3124 97.043 97.014 8.288 1.4 5.152 1.6
54 93.991 0.058 0.9989 0.9982 20,379 47,533 2.3324 2.3323 100.383 100.353 6.363 1.5 5.979 1.1
55 101.076 0.058 0.9989 0.9982 15,757 37,107 2.3550 2.3548 104.531 104.502 3.426 1.6 7.204 0.5
56 104.685 0.058 0.9989 0.9982 13,892 32,505 2.3399 2.3397 101.709 101.680 3.005 1.7 7.133 0.4
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The HPGe g-ray spectrometer ‘BART’, described in detail by
Collins et al. (2015b), was used to perform 227Th-223Ra chronometryof the radiochemical separation. The 227Th/223Ra activity ratios
were determined utilising the g-ray emissions of the 50 keV
doublet (comprised of the 49.8 keV and 50.1 keV g-ray emissions)
and 236.0 keV of 227Th and the 154 keV of the 223Ra. The 269.5 keV
Fig. 7. The residuals of 227Th-223Ra chronometry results, using recently determined
decay data by Collins et al. (2015b; 2016).
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from 227Th and the 271.0 keV of 219Rn. The activities for the 227Th
and 223Ra were determined using the g-ray emission probabilities
from ENSDF (Browne, 2001) and Collins et al. (2015b), respectively.
The half-lives were taken from Collins et al. (2015a; 2015c).
A series of 56 measurements were made over a period ~105
days, for live times of 3600 and 5000 s. The peaks were manually
veriﬁed and adjusted where required using interactive peak ﬁtting
software, the net peak areas were corrected for any background
interferences.Fig. 8. The residuals of 227Th-223Ra chronometry results in the ﬁrst 25 days, for
combined and separate use of the 50 keV and 236 keV peaks.6.3. Chronometry results
The deviation of the measured time zero values from the sep-
aration mid-point are presented in Fig. 5. The chronometry per-
forms well throughout the campaign, with the residuals being
signiﬁcantly smaller than the uncertainties. The latter are quite
large, due to the considerable uncertainty on the ENSDF decay data
(Browne, 2001). Higher precision can be achieved with the recently
improved decay data (see section 6.4).
The weighted mean of the chronometer measurements, based
on both the 50 keV doublet and 236.0 keV, produced a time zero of
2013-09-17 08:23 UTC ± 0.031 d, which is almost an hour before
the reference time. This result would suggest that the chemical
separation of the 223Ra from the 227Th was not 100% and that some
residual 223Ra remained. A closer investigation of the two 227Th g
ray emissions revealed that there was a large discrepancy between
the results originating from the two emissions. The 50 keV doublet
showed a negative trend, while the 236.0 keV showed a positive
trend over time. Mainly due to the low precision of the old 227Th g-
ray emission probabilities, it is clear that determining the time zero
with any precision becomes impossible after only a few days.
Table 5 provides uncertainty propagation factors of the activity
ratio and the half-lives towards the age dating for hypothetical
measurements started at time t1 and continued over a period Dt.
The values from the new formulae in Eq. (19) are compared with
those of the solution for long-lived radionuclides in Eq. (16); the
magnitude of the propagation factors is visibly enhanced for
measurements of relatively long duration. In Fig. 6, propagation
factors are shown for hypothetical measurements of 2 days. The
factor for I2/I1 is always larger than 1, for T1 it is small at ﬁrst but
rises above 1 after 39 days, whereas for T2 it changes sign. The
difference between Eqs. (16) and (19) is visible at all times,
particularly in the beginning.6.4. Impact of decay data on chronometer
The accuracy of 227Th-223Ra chronometry can be drastically
improved with the availability of recently determined decay data
(Collins et al., 2015a,b,c; 2016). New absolute g-ray emission
probabilities for 227Th have been determined in Collins et al. (2016),
which show a signiﬁcant difference with the values of the 50.1 keV
doublet and 236.0 keV emission probabilities, as shown in Table 6.
The quoted precision of these emission intensities have been
reduced by at least a factor of 10. The time zero of the separation
has been re-determined using these new intensity data.
In Table 7, an overview is presented of relevant quantities used
in this chronometry experiment. The uncertainty contribution of
the half-lives is negligible compared to the activity ratio. As shown
in Fig. 7, the dating results are consistent and have a much smaller
uncertainty compared to Fig. 5. Fig. 8 showing a zoom in over the
ﬁrst 25 days of the campaign, demonstrates a high correlation
between the dating results derived from both g ray emissions
combined and separately. The time zero determined from the
weightedmean for the 50 keV doublet and 236 keV g-ray emissions
was 08:26 (16) UTC and 08:29 (16) UTC on 2013-09-17, respectively.
These are both in agreement with the results derived from the
ENSDF data in section 6.3.
It is recommended that the accuracy of 227Th-223Ra chronom-
etry is also checked in another laboratory, since the new decay data
sets have been determined on the same detector and therefore
inconsistencies are unlikely to show up in this context. For
completeness, a new 227Th-223Ra chronometry experiment (not
described in this paper) has recently been performed at NPL using
another HPGe detector, leading to equally consistent results.
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The general uncertainty equations for nuclear dating in Eq. (16)
have been amended for the particular case of parent-daughter
chronometry involving radionuclides with relatively short half-
life. Deriving time zero from the measured count ratios in parent
and daughter g-ray peaks through Eq. (10) leads to a time esti-
mation t(0) which deviates from the true value by about half the
measurement time. A more precise approximation t(1) is obtained
by including correction factors for decay during measurements, via
Eq. (11). The principally correct dating value follows from the ratio
of the decay-corrected activities in Eq. (8) implemented in Eq. (9).
In the Annex, a full mathematical derivation of the uncertainty
budget for parent-daughter dating has been performed. It includes
the propagation of the half-life uncertainties through the conver-
sion formula from count integrals to activity (Eq. (8)). The effect of
the latter can be so signiﬁcant for short-lived radionuclides that the
dating uncertainty for a long measurement may be inferior to that
of a short one. A simpliﬁed but accurate uncertainty formula, Eq.
(19), was derived from the approximations t(0) and t(1), which can
be considered an amendment to Eq. (16).
The formulae have been successfully applied for dating of an
irradiation or chemical puriﬁcation of a sample, using g-ray spectra
taken of 140La-140Ba and 227Th-223Ra parent-daughter pairs. The
accuracy and precision of both chronometers showed heavy de-
pendency on the nuclear decay data set used. Some bias in the
results may be caused by incomplete chemical separation or
inadvertent disturbance of the chemical composition of the sample.
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Annex A Full uncertainty propagation
In section 3.2, a shortcut solution is presented for the uncer-
tainty propagation of the half-lives T1, T2 and the counting integral
ratio I2/I1. The same numerical results can be obtained from a
rigorous uncertainty propagation of the basic dating formulae (Eqs.
(8) and (9)). For completeness, the derivation and mathematical
result is succinctly presented in this annex.
A.1 Uncertainty of activity integral
In Eq. (16), the propagation of the uncertainty on A2/A1 is
correctly taken into account, however it is more convenient to
propagate the uncertainty on the ratio of the measured quantities
I2/I1. Using the partial derivative
vðA2=A1Þ
vðI2=I1Þ ¼
C1
C2
one readily obtains the
following equation:
sðtÞ
t
z

T
t

sðA2=A1Þ
A2=A1
¼

T
t
C1
C2
I2=I1Þ
A2=A1

sðI2=I1Þ
I2=I1
(A.1)
Eq. (A.1) is equivalent with the third term of Eq. (19), and
therefore the equality of the sensitivity factors holds:
Tð0Þ
t
¼ T
t
C1
C2
I2=I1
A2=A1
(A.2)which yields an alternative relationship between the activity ratio
and the integral ratio:
A2=A1
I2=I1
¼ T
Tð0Þ
C1
C2
(A.3)A.2 Uncertainty of parent half-life
The uncertainty of the parent half-life not only propagates
through the dating equation (Eq. (9)), but also through the con-
version formula of I2/I1 to A2/A1 (Eq. (8)), and its relative uncertainty
propagates with a sensitivity factor of T/t. The activity ratio A2/A1
depends on l1 through the factors F and C1:
vðA2=A1Þ
vl1
¼ vF
vl1

1 C1
C2

þ vC1
vl1

1
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I1
 F1
C2

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in which
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The full uncertainty propagation of the parent half-life T1 to the
time t is calculated from
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The terms in Eq. (A.5) are summed linearly, not quadratically.A.3 Uncertainty of daughter half-life
The propagation of the uncertainty on the daughter nuclide
half-life is derived in a similar way as for the parent nuclide. The
activity ratio A2/A1 depends on l2 through the factors F and C2:
vðA2=A1Þ
vl2
¼ vF
vl2

1 C1
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
þ vC2
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1
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
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 F C1
C2

(A.6)
in which
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3
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The full uncertainty propagation of the daughter half-life T2 to
the time t is calculated from
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The full uncertainty on t is obtained from the quadratic sum of
Eqs. (A.1), (A.5) and (A.7).
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